Abstract-Since mobile communications exhibit strong social characteristics, based on the potential common interests of mobile users, mobile social networks (MSNs) are capable of mitigating the tele-traffic bottle-neck. By multicasting the content of common interest from a content owner to content seekers within the owner's transmission range, a distributed MSNs architecture is proposed, which is capable of mitigating the tele-traffic imposed on network operators. In this contribution, the social relationship between a pair of MSN users is defined according to their geographic characteristics. By jointly considering the geographic social relationships and the wireless propagation environment, we derive the closed-form equations for evaluating both the throughput and delay of the social unicast/multicast transmissions. Simulation results are provided, both for supporting our theoretical analysis, as well as for investigating the impact of social relationships on the achievable network performance. Based on the results presented, we conclude that a more sociallyminded content owner is particularly efficient in multicasting the content of common interest to content seekers.
I. Introduction
The design of Mobile Social Networks (MSNs) [1] is governed by the combination of mobile networking and social science principles, and in recent years they have attracted much attention in both the industrial and academic communities. There are two types of MSNs, namely centralized MSNs and distributed MSNs [2] . In centralized MSNs, such as Facebook accessed from smart mobile phones, both the social relationships of MSN users and the contents of common interest are stored in centralized online servers. The interaction between a pair of MSN users is established through the centralized infrastructure, such as the base stations (BSs) and WIFI hotspots, for example. By contrast, in distributed MSNs, such as EyeVibe [3] , the social relationships of MSN users have to be discovered on a case-by-case basis. Based on these social relationships, a self-organized ad hoc network is constructed for disseminating the content of common interest from content owners to content seekers. Distributed MSNs are thus capable of reducing the tele-traffic imposed on the BSaided architecture of wireless network operators.
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users were represented in terms of the definitions of betweenness and similarity 1 in graph theory, which were exploited for designing the routing protocol referred to as SimBet [4] . In [5] , the authors exploited the communication history between a pair of users for updating their social relationship. The authors of [6] derived a tight theoretical upper bound of the 'flooding' time, which was defined as the number of time-steps required for broadcasting a message from a source node to every node in mobile ad hoc networks.
Although the research reported in the above-mentioned contributions is in line with the concept of distributed MSNs, the authors of [4] - [6] did not propose a practical architecture for distributed MSNs. Moreover, the results of [4] - [6] relied on the users' mobility patterns, while the impact of the wireless propagation environment was to a large extent ignored. Furthermore, as claimed in [7] , two thirds of social relationships are determined by the users' geographic locations, while in Kleinberg's work [8] , the probability of whether a social relationship exists or not is determined by the geographic distance between a pair of users. Based on the same definition of the social relationships, the authors of [9] explored the attainable network capacity by considering the impact of geographic social relationships. However, both the achievable throughput and the delay imposed by wireless multicast invoked in a distributed MSN architecture have remained hitherto largely unexplored, especially in the light of the geographic social relationships and of the specific wireless propagation scenarios. Hence, we devote particular attention to these design aspects.
More specifically, in order to fill this gap, our paper has the following novel contributions:
( In the rest of this paper, we first outline our system model 1 Similarity is calculated based on the number of common neighbours of each node. in Section II. Then both the relevant throughput and delay performances are analysed theoretically in Section III, while our numerical results are provided in Section IV for the sake of supporting our theoretical analysis. Finally, we conclude the paper in Section V.
II. System Model

A. Social Multicast in Distributed MSN
Let us continue by considering the scenario as shown in Fig.1 . After recording a piece of video clip, a MSN user (content owner) sends a message to the information controller to claim the authorship of the video clip. After receiving this message, the information controller broadcasts it to all the MSN users. Any MSN users (content seekers), who are interested in the specific video clip considered would report their interests to the information controller. By synthesizing all the information collected from the MSN users, a temporary community can be established, which includes the content owner and all the content seekers within the content owner's transmission range. Then, the constitution of the community is broadcast to all of its members. As a result, an ad hoc network is created by self-organization, based on which the video clip is multicast simultaneously from the content owner to the content seekers. Finally, once all the content seekers are satisfied, the community may be dismissed.
B. Geographic Social Relationship
We assume that a pair of MSN users may share a social relationship with a probability of ϕ, which is also termed as the social strength that is determined by the geographic distance of Y = y between this pair of MSN users. As shown in Fig.2 , there are two types of contacts for a content owner, namely regular contacts and opportunistic contacts. Content seekers within the content owner's neighbourhood range r form his/her regular contacts, which are established with a probability of ϕ = 1. By contrast, content seekers beyond the content owner's neighbourhood range r form his/her opportunistic contacts. These opportunistic contacts are established with a specific probability of ϕ, which is inversely proportional to Y = y with the exponent of α [7] . Thus, given a specific distance Y = y, 
where the exponent α is termed as the social exponent. We assume that the geographic social relationship between a pair of MSN users does not change during a time slot (TS), but varies independently from one TS to another.
C. Geographic Characteristics
We assume that all the content seekers roam in a circular area having a radius 2 of R, while the content owner is stationary at the center of the circular area, as shown in Fig.2 . In line with the mobility model introduced in [10] , the position of the ith MSN user during the tth TS is defined as P i (t), which may be modelled by a stationary and ergodic process having a stationary uniform distribution. Moreover, the positions of different MSN users are independent and identically distributed (i.i.d.). Hence, the CDF and PDF of the random distance Y between a content owner and content seeker pair are formulated as:
D. PHY Layer
In the PHY layer, the wireless link delivering the content from a content owner to a content seeker is attenuated by path loss (PL) and additionally, it is subjected to small-scale fading.
1) Small-scale fading:
The small-scale radio propagation phenomenon is modelled by uncorrelated stationary Rayleigh flat-fading. The channel's amplitude |h(t)|, which varies from one TS to another, is a Rayleigh distributed random variable during the tth TS. Consequently, the square of the channel amplitude |h(t)| 2 obeys an exponential distribution associated
2) Path loss (PL): According to [11] , the PL equation is invalid for calculating the attenuation in the near-field of the transmit antennas. Thus, we assume that the PL only imposes 3 attenuation on a wireless link, if its distance is longer than a reference threshold d 0 . Hence, the PL model is formulated as
where P 0 is the reference power received at d 0 , which may be deemed identical to the transmit power of the content owner. Furthermore, P r is the power received at the content seeker after being attenuated by the PL, while κ is the PL exponent.
E. The Successful Packet Delivery Probability
A packet of common interest can be successfully delivered from a content owner to a content seeker during a TS, if the following two events occur simultaneously. Firstly, a social relationship must exist between a pair of content owner and seeker, which is determined by the social strength ϕ of (1), and secondly, despite being attenuated by the PL and small-scale fading, the instantaneous received SNR at a content seeker must exceed a predefined SNR threshold γ.
Provided that the PHY layer obeys the model introduced in Section II-D, the instantaneous received SNR is
Here, N 0 W is the power of the white Gaussian noise. As a result, given the transmission distance Y = y and the social strength defined in (1), the successful packet delivery probability of a social wireless link connecting a content owner to a content seeker during a TS may be expressed as
where
. Naturally, μ is equivalent to the normalized throughput of the social unicast, which has a unit of packets/TS [12] .
Moreover, automatic repeat request (ARQ) relying on an unlimited number of re-transmissions may be adopted for ensuring that no packets of the contents are lost.
III. Throughput and Delay Analysis
In this section, we derive the statistical properties of both the throughput and the delay in the social unicast/multicast transmission scenarios considered.
A. The Social Unicast Transmission
1) The social unicast throughput: When jointly considering both the PL of (3) and the social strength of (1), we may have different expressions for μ| Y=y , depending on the neighbourhood range r and on the PL reference distance d 0 . In order to derive the mth moment E[μ m ] of the social unicast throughput, we may integrate μ m | Y=y over the PDF of the distance Y = y between the content owner and the content receiver, which is given by (2) . The following two cases are considered.
As a result, we may derive the mth moment of the social unicast throughput as
where the second equality is obtained by substituting (2) into the first line of (6). Hence, the first integral is obtained as
, while the second integral is derived as
where the function Φ(y|β, α, A) is defined as
while the functions Γ (−z 1 , Ay κ ) and Γ (z 2 , Ay κ ) are given by the following equations [13] :
In a similar way, we may derive the third integral in (6) as 
where the second equality is obtained by substituting (2) into the first line of (9) . Hence, the first integral is obtained as
while the second integral is derived as
where the function Ψ(y|β, α) is defined as
In a similar way, we may derive the third integral in (9) as 2) The social unicast delay: Another significant performance metric is the social unicast delay of K i TSs from the content owner to the ith content seeker, which indicates that the content seeker i first successfully receives the packet during the K i th TS. Since the successful packet reception probability μ i of the content seeker i varies from one TS to another, which is caused by the time-varying distance between the content owner and the content seeker i, it is hard for us to derive the exact CDF and probability mass function (PMF) for K i . However, if we approximate the time-varying μ i by its average value of E[μ i ] = E[μ] derived above, we note that the social unicast delay K i obeys a geometric distribution associated with a success probability of E [μ] . Consequently, the approximated PMF and the CDF of K i are (12) respectively. Hence the average value of K i is derived as
The accuracy of our approximation will be validated by the simulation results provided in Section IV.
B. The Social Multicast Transmission
1) The social multicast delay: Let us now derive the social multicast delay of K mul TSs, which is defined as the time when all the content seekers within the transmission range of the content owner receive the desired packet. We assume that there are N content seekers within the transmission range of the content owner. The social multicast delay K mul is defined as K mul = max{K 1 , K 2 , ..., K i , ..., K N }, where K i is the social unicast delay of the content seeker i. Hence, the CDF of the social multicast delay K mul is derived as
Since {K i , i = 1, 2, ..., N} are i.i.d. random variables, we may derive the CDF of K mul as
where the second approximate equality is obtained by exploiting the approximation made in (12) . As a result, we may express the PMF of K mul as
Furthermore, the average social multicast delay is formulated as
where P(K mul = k mul ) is given by (16).
2) The social multicast throughput: Since each of the N content seekers receives a copy of the packet at the end of the multicast session in the distributed MSN considered, N copies of the packet are transmitted during the multicast process. As a result, the multicast regime's throughput μ mul is determined by the number of content seekers within the content owner's transmission range as well as by the social multicast delay K mul , which can be expressed as μ mul = N/K mul packets/TS. Hence, the mth moment of the content owner's social multicast throughput is formulated as (18) where P(K mul = k mul ) is given by (16). As a result, by letting m = 1 in (18), we arrive at the content owner's average social multicast throughput. Moreover, we may express its variance by letting m = 2, which is Var(μ mul ) = E[μ The neighbourhood range (r, unit: m) =0, sim, ana =1, sim, ana =2, sim, ana =3, sim, ana =4, sim, ana =5, sim, ana 
IV. Numerical Results
In the PHY layer, we set the reference distance of the PL model to be d 0 = 1 meter (m). The transmit power is set to P 0 = −24 dBm, while the noise power is N 0 W = −94 dBm. The PL exponent is set to κ = 3, while the successful packet reception SNR threshold is γ = 10 dB. Moreover, we assume that all the content seekers roam in the circular area constituted by the content owner's transmission range associated with a radius of R = 50 m, and the content owner is at the center of this area. We run the simulations 100 000 times in Matlab for the sake of accurately characterizing the associated statistical properties.
A. The Social Unicast Transmission
As shown in the top trace of Fig.3 , the average social unicast throughput increases as we increase the neighbourhood range r of the content owner, provided that the social exponent α is not zero. A higher value of the neighbourhood range r indicates that a content seeker is more likely to be one of the content owner's regular contacts, which substantially enhances the social unicast throughput. However, a higher social exponent α reduces the attainable throughput. This is because, as shown in (1), a higher α indicates that the content owner is more likely to communicate with his/her neighbourhood. Hence a content seeker roaming outside the neighbourhood range is less likely to receive the packet from the content owner. Moreover, when r approaches the transmission range of R = 50 m, which indicates that all the content seekers within the transmission range are regular contacts of the content owner, the throughput approaches its maximum value. In contrast to all other cases, α = 0 indicates that the opportunistic contacts of the content owner are equivalent to his/her regular contacts. Therefore, the average social unicast throughput, characterised by the top trace of Fig.3 , is no longer affected by the content owner's neighbourhood range. In this case, an upper bound is provided The neighbourhood range (r,unit: m) =0, sim, ana =1, sim, ana =2, sim, ana =3, sim, ana =4, sim, ana =5, sim, ana The number of the interested content seekers (N) =0, sim, ana =1, sim, ana =2, sim, ana =3, sim, ana =4, sim, ana =5, sim, ana for the average social unicast throughput, which is equivalent to that of the scenario of r = R = 50 m.
As shown in the bottom trace of Fig.3 , when the neighbourhood range r is low or the social exponent α is high, the social strength between a content seeker and the content owner, defined in (1), becomes weak, which results in a low social unicast throughput. Hence, its variance is also quite low. As r gradually increases, a content seeker tends to acquire a higher chance of becoming the content owner's regular contact. This closer relationship hence tends to increase the probability of having an increased social unicast throughput. As a result, the variance gradually becomes higher and approaches its peak. If the neighbourhood range r continues to increase, for example, beyond 25 m associated with α = 5, a content seeker tends to have a gradually reduced chance of becoming the content owner's opportunistic contact, which results in a reduced probability of having a low throughput. Therefore, the variance starts to decay in the bottom trace of Fig.3 . The simulation (sim) results presented in Fig.3 validate our throughput analysis (ana) provided in Section III-A.
As portrayed in Fig.4 , the social unicast delay reduces towards its lower bound of a single TS, as the neighbourhood range R gradually increases from 10 m to 50 m. Furthermore, a higher social exponent α also leads to a higher delay for the same reason as argued in the context of Fig.3 . Moreover, the accuracy of the approximation made in (11) is also confirmed by the simulation results of Fig.4 .
B. The Social Multicast Transmission
It may be readily observed from Fig.5 that the average social multicast delay is increased, as we increase the total number of content seekers from 10 to 50 within the transmission range of the content owner. Additionally, a higher social exponent α, which indicates that the content owner is more reluctant to multicast the content to the content seekers outside the The number of the interested content seekers (N) =0, sim, ana =1, sim, ana =2, sim, ana =3, sim, ana =4, sim, ana =5, sim, ana In order to investigate the tail distribution of the social multicast delay, we set the delay threshold to be 30 TSs. As shown in Fig.6 , the probability of the multicast delay exceeding 30 TSs increases as we increase the number of content seekers within the content owner's transmission range. Additionally, the social multicast suffers from a higher tail probability in case of a higher social exponent α. For example, when supporting 10 content seekers, the tail probability is around 76% for α = 5, while it is only 5% for α = 2. Furthermore, the accuracy of our approximation invoked in (14) of Section III-B is confirmed by the simulation results of Fig.6 .
It may be observed from Fig.7 that the average social multicast throughput defined in Section III-B increases steadily, as the number of content seekers increases, while a lower social exponent α leads to an improved average social multicast throughput. However, the improvement of the social multicast throughput becomes more limited for a higher α, as we increase the number of the content seekers. For example, for α = 5, the average social multicast throughput is only improved by about 0.5 packets/TS, when the number of the content seekers increases from 10 to 50.
Hence, based on the results presented in this section, we may claim that a more socially-minded content owner, who has a higher neighbourhood range r and a lower social exponent α, is capable of substantially improving the efficiency of the social multicast to the content seekers.
V. Conclusion A distributed MSN architecture was proposed. By jointly considering both the geographic social relationships, where content seekers are categorized into regular and opportunistic contacts of the content owner, as well as the wireless propagation environment, we studied the multicast process facilitated by the content owner for distributing the content of common interest to the content seekers within his/her transmission range. We derived the mth moment of the social unicast/multicast throughput, as well as the approximated PMF and CDF of the social unicast/multicast delay. Based on the numerical results, we clearly interpreted the impact of the socialrelationships-related parameters on both the performance of the social unicast/multicast. If a content owner has more regular contacts, which is represented by an increased neighbourhood range, the attainable throughput is enhanced and the delay is reduced for the social unicast/multicast scenarios considered. By contrast, if the communications are more likely to be confined to the content owner's neighbourhood range, which is represented by an increased social exponent α, the attainable throughput is reduced and the delay is increased.
